"Mixed chimerism" refers to a state in which the lymphohematopoietic system of the recipient of allogeneic hematopoietic stem cells comprises a mixture of host and donor cells. This state is usually attained through either bone marrow or mobilized peripheral blood stem cell transplantation. Although numerous treatment regimens have led to transplantation tolerance in mice, the induction of mixed chimerism is currently the only treatment modality that has been successfully extended to large animals and to the clinic. Here we describe and compare the use of mixed chimerism to establish transplantation tolerance in mice, pigs, monkeys, and in the clinic. We also attempt to correlate the mechanisms involved in achieving tolerance with the nature of the tolerance that has resulted in each case.
I
t has been known for many years that the hematopoietic chimerism that occurs after bone marrow transplantation carries with it transplantation tolerance for any other tissue or organ from the same donor. This phenomenon has been observed not only in numerous animal models, but also in humans. Thus, patients treated during childhood for leukemia by bone marrow transplantation from an HLAidentical sibling, who have subsequently developed renal failure and received kidney transplants from the same donors, have not required immunosuppression (Sayegh et al. 1991; Helg et al. 1994; Jacobsen et al. 1994 ). These cases, however, represent a very specialized situation, in which the transplants were HLA identical and in which complete replacement of the bone marrow was desirable in order to ensure ablation of the hematopoietic malignancy.
In the more common situation for organ transplantation, donors and recipients are not HLA identical, and it would also not be desirable to completely replace all bone marrow elements, because immunocompetence depends on interactions between T cells educated in the thymus and bone-marrow-derived antigenpresenting cells in the periphery (Zinkernagel et al. 1980) . Fortunately, for the induction of transplantation tolerance through hematopoietic chimerism, complete ablation and re-constitution are not required. The survival of even a small percentage of donor bone-marrow-derived elements, even transiently, has been found to be sufficient to allow tolerance of a simultaneously transplanted organ to be achieved (Fuchimoto et al. 1999 ). This phenomenon, in which both host and donor bonemarrow-derived elements coexist in the recipient has been termed "mixed chimerism" (Sykes and Sachs 1988) . Unlike many other treatment regimens that have been successful in the induction of tolerance in rodents but not in large animals (Sachs 2003; Cosimi and Sachs 2004) , induction of tolerance through mixed chimerism has been successful in mice, in large animals, and, most recently, in the clinic.
Nevertheless, this transition from mice to the clinic has required numerous changes in treatment protocols, and the tolerance obtained has likely been achieved through more than one mechanism. In this review, we describe and compare the establishment of transplantation tolerance in mice, pigs, monkeys, and in the clinic, with an attempt to correlate the mechanisms involved in achieving tolerance with the nature of the tolerance that has resulted in each case.
STUDIES IN MOUSE MODELS
Proof of principle that mixed chimerism was associated with donor-specific skin graft tolerance was obtained in adult mice receiving lethal total body irradiation (TBI) and reconstitution with a mixture of T-cell-depleted host plus donor bone marrow. Mixed lymphohematopoietic chimerism was observed, in which all lymphoid and hematopoietic cells are derived from a mixture of donor-and host-derived hematopoietic stem cells (HSCs). The tolerant state was systemic, as evidenced by in vitro measures of alloreactivity. Graft-versus-host disease (GVHD) was avoided by T-cell depletion of the donor marrow component, and depletion of the recipient marrow component was required to prevent rejection of the donor marrow (Ildstad and Sachs 1984; Ildstad et al. 1985 Ildstad et al. , 1986 . Using a different approach, mixed chimerism and tolerance without GVHD were also shown in mice receiving fractionated high-dose total lymphoid irradiation (TLI) conditioning with shielding of marrow-containing bones before allogeneic BMT (Slavin et al. 1977) .
GVHD is the major complication of clinical hematopoietic cell transplantation (HCT) that has precluded the routine use of extensively HLA-mismatched donors even in patients with malignancies. Although a low level of GVHD is associated with improved outcomes owing to reduced leukemic relapse rates in patients receiving BMT for this more standard indication (Weiden et al. 1981 ), its severity is unacceptable when HLA barriers are transgressed, mandating a search for closely HLAmatched donors in this patient group. Even a low level of GVHD would be an unacceptable complication if HCT were to be used expressly for the purpose of organ allograft tolerance induction. Although GVHD can be avoided by T-cell-depleting the donor product, rejection of HLA mismatched hematopoietic cells then becomes common, and very heavy host conditioning is needed to prevent rejection (Martin et al. 1985 (Martin et al. , 1988 Kernan et al. 1987; Bordignon et al. 1989; Fleischhauer et al. 1990; Aversa et al. 1998) . Because organ transplantation is routinely performed across extensive HLA barriers, avoiding GVHD while crossing HLA barriers is a major challenge for the induction of mixed chimerism and tolerance.
The challenge is further augmented by the requirement that relatively nontoxic, low-intensity conditioning is mandated in using HCT for this purpose. The high-dose chemo-/radiotherapy regimens used for patients with malignant disease would not be appropriate in patients receiving HCT for tolerance induction. To reduce the toxicity of recipient conditioning regimens, it is necessary to more specifically target the host immune elements that resist allogeneic marrow engraftment. Recipient T cells are largely responsible for rejection of MHC mismatched marrow in animals and humans (Sharabi et al. 1992; Vallera et al. 1994; Hayashi et al. 1996) , and a low-toxicity host conditioning regimen must either eliminate mature host T cells or permit preexisting T cells to be rendered tolerant. This requirement applies to both peripheral and intrathymic alloreactive T cells. When peripheral T cells are globally depleted with mAbs and thymocytes are globally depleted with local irradiation before allogeneic BMT with low-dose (3 Gy) TBI (Sharabi and Sachs 1989) , donor-and host-reactive T cells arising de novo in the thymus are specifically deleted (Tomita et al. 1994 (Tomita et al. , 1996a Khan et al. 1996; Manilay et al. 1998) . Coexistence of donor and recipient HSCs in the marrow generates lifelong thymic APCs of each type to ensure central, deletional T-cell tolerance (Tomita et al. 1994 (Tomita et al. , 1996a Khan et al. 1996; Manilay et al. 1998 ). This model built on an earlier regimen requiring 6 Gy of TBI combined with in vivo depletion of host T cells to achieve MHC-mismatched allogeneic marrow engraftment and donor-specific tolerance (Cobbold et al. 1990 ). Because T-cell-depleting mAbs almost completely eliminate peripheral but not intrathymic T cells (Sharabi and Sachs 1989) , the addition of thymic irradiation, which eliminates mature alloreactive thymocytes (Nikolic et al. 2001) , was needed to reduce the TBI requirement to only 3 Gy. Intrathymic clonal deletion maintains long-term donor-specific tolerance in association with the presence of donor class II high cells (Tomita et al. 1994) . Several lines of evidence (Khan et al. 1996) proved that intrathymic chimerism is necessary and sufficient for the maintenance of tolerance. These studies showed that peripheral chimerism and suppressive mechanisms did not play a meaningful role in the maintenance of tolerance in these mixed chimeras that were created in the environment of a completely T-cell-depleted "clean slate."
We subsequently developed conditioning regimens that are less T-cell-depleting than that described above and that involve more complex mechanisms in order to achieve initial mixed chimerism. Both thymic irradiation and T-cell-depleting mAbs can be avoided if an initial course of costimulatory blockade is used (Wekerle et al. 1998) , and TBI can be eliminated if a high enough marrow dose is administered (Wekerle et al. 2000) . If applied clinically, these approaches would obviate concerns about delayed T-cell recovery in older individuals with limited thymic function (Haynes et al. 2000) .
Once mixed chimerism is achieved with costimulatory blockade-based regimens, long-term tolerance is maintained by intrathymic deletion (Wekerle et al. 1998 (Wekerle et al. , 2000 Ito et al. 2001) . Preexisting peripheral T cells that recognize the donor in recipients of anti-CD154 plus allogeneic BMT are specifically deleted, but the remainder of the T-cell repertoire is spared (Kurtz et al. 2004; Fehr et al. 2005) . Mechanisms of tolerance of peripheral CD4 and CD8 cells differ in this context, although both culminate in deletion only of donor-reactive cells. For CD8 cells, initial tolerance requires CD4 cells that do not appear to be classical Tregs. Once peripheral deletion of donor-specific CD8 cells is complete (at 2 wk), CD4 cells are no longer needed for maintenance of CD8 tolerance (Fehr et al. 2005) . Tolerance of CD4 cells, in contrast, does not involve any regulatory mechanisms (Kurtz et al. 2004 ). The expressions of MHC class II on recipient APCs, as well as recipient dendritic cells and B cells, all are also required to tolerize preexisting CD8 cells, but not CD4 cells, in this model Mollov et al. 2010) . Moreover, PD-1/PD-L1 interactions are required to tolerize CD8 cells but not CD4 cells , and the CD8 cells themselves must express PD-1 in order to be tolerized (Lucas et al. 2011) . NFAT-1, also in a CD8-cellintrinsic manner, is required for CD8 tolerance and plays no role in tolerizing the CD4 compartment (Fehr et al. 2010) . TGF-b and LAG-3 also play a critical role in tolerizing preexisting CD8 but not CD4 cells in mice receiving BMT with anti-CD40L (Lucas et al. 2011) . Tolerance of both subsets is independent of IFN-g and IL-10 (Takeuchi et al. 2004; Fehr et al. 2005; Mollov et al. 2010) . Deletion of peripheral donor-reactive CD4 and CD8 cells is preceded by specific unresponsiveness to the donor (Kurtz et al. , 2004 Haspot et al. 2008) .
Long-term tolerance involves central deletion of donor-reactive thymocytes. Regulatory cells do not play a significant role in maintaining long-term tolerance in this model of BMT with anti-CD40L Kurtz et al. 2004; Takeuchi et al. 2004; Fehr et al. 2005) . As a general rule, deletional tolerance seems to preclude the expansion and requirement for spe-cific regulatory cells in maintenance of tolerance. In contrast, some models using CTLA4Ig and anti-CD154 as conditioning for allogeneic BMT are associated with less complete deletion of preexisting donor-reactive T cells and do appear to rely on long-term regulatory mechanisms (Bemelman et al. 1998; Bigenzahn et al. 2005; Domenig et al. 2005) .
Translation into patients of an approach that involved initial mixed chimerism induction in the treatment of hematologic malignancies in mouse models played an important role in the development of clinical mixed chimerism/ tolerance protocols. We have attempted to avoid GVHD to permit HLA-mismatched HCT for the treatment of hematologic malignancies in a series of clinical protocols by using nonmyeloablative conditioning with recipient and donor graft T-cell depletion to achieve initial mixed chimerism. Because conditioning-induced tissue inflammation is a critical checkpoint in the development of GVHD (Chakraverty et al. 2006a ), MHC-directed GVH alloreactivity can be confined to the lymphohematopoietic system when nontolerant donor T cells are given to mixed chimeras after host recovery from the initial conditioning regimen has occurred (Sykes et al. 1988; Mapara et al. 2002 Mapara et al. , 2003 Chakraverty et al. 2006a,b) . GVH reactions of nontolerant T cells in donor leukocyte infusions (DLI) are not opposed by a hostversus-graft response in tolerant mixed chimeras. The DLI convert mixed hematopoietic chimerism to full donor chimerism and mediate strong graft-versus-leukemia/lymphoma (GVL) effects (Sykes et al. 1988; Mapara et al. 2002) without inducing GVHD (Sykes et al. 1988; Pelot et al. 1999) . Recipient professional APCs expressing both class I (Mapara et al. 2002) and class II (Chakraverty et al. 2006b ) MHC are required to induce this antihost reactivity and maximal GVL. These DLI-derived GVH-reactive T cells do not migrate to the epithelial GVHD target tissues (skin, intestines, and liver) in the absence of inflammatory signals in those tissues (Chakraverty et al. 2006a; . Clinical trials based on this approach to separating GVHD and GVL provided proof-ofprinciple that GVH responses can be confined to the lymphohematopoietic system following delayed DLI and thereby fail to induce GVHD in patients who received nonmyeloablative HCT with an initially T-cell-depleted product, even across extensive HLA barriers (Spitzer et al. 2003) .
Translational studies aiming to apply this approach to separating GVHD and GVL in humans led to a clinical regimen with sufficient safety and antitumor efficacy to be used for renal allograft tolerance induction in multiple myeloma patients with HLA-identical donors (Fudaba et al. 2006 ). Attempts to apply this approach to separating GVHD and GVL in the HLA-mismatched related donor setting led to the development of a nonmyeloablative regimen that achieved transient chimerism without any GVHD in patients with hematologic malignancies (Spitzer et al. 2003) . The freedom from GVHD in these mismatched recipients ultimately permitted the trials of allograft tolerance induction in patients without malignant disease that are described below.
STUDIES IN SWINE
Studies of mixed chimerism in swine have been performed in a herd of miniature swine that have been bred selectively for the past 40 years as a large-animal model for studies of transplantation (Sachs 1992; Hanekamp et al. 2012) . These animals are similar to humans with regard to size and many physiological parameters (Sachs 1992 (Sachs , 1994 . Because of their breeding characteristics, it has been possible to develop lines of swine homozygous for the MHC (called SLA in swine), as well as several recombinant lines separating the genes encoding class I and class II antigens (Pennington et al. 1981; Lunney and Sachs 1995) . Figure 1 shows the three inbred haplotypes and several of the recombinant haplotypes currently available. These animals therefore represent a unique resource in which transplants across reproducible, defined genetic combinations can be performed in a large animal model Early studies of bone marrow transplantation in miniature swine involved lethal irradiation as a preparative regimen, with full donor D.H. Sachs et al. hematopoietic reconstitution as the result Popitz-Bergez et al. 1988; Sakamoto et al. 1988 ). Use of F 1 into parental and parental into F 1 combinations permitted the study of graft-versus-host (GVH) and host-versus-graft (HVG) reactions in this species, as well as an appreciation of the role of T cells in each (Sakamoto et al. 1987 ). Initial attempts to induce mixed chimerism across full two-haplotype SLA barriers used a lethal preparative regimen of (650 þ 650) cGy TBI on two successive days followed by infusion of 7.5 Â 108 bone marrow cells/kg þ 1.0 Â 10 8 T-cell-depleted autologous bone marrow (BM) cells. Although there were a few long-term survivors (one animal survived 154 d), most of the animals died earlier, either from the aplasia resulting from bone marrow rejection or from GVHD (Smith et al. 1993) .
Better rates of engraftment and survival were obtained using a clinically relevant genetic combination of one-haplotype mismatched F 1 into F 1 (i.e., AC into AD, simulating the clinical situation of haploidentical related) and a preparative regimen of either (650 þ 650) cGy TBI on two successive days or (500 þ 650) cGy TBI, and 50 mg/kg cyclophosphamide. Once some of these animals had attained prolong survival and immunocompetence, renal transplants from donors SLA-matched to the bone marrow donors were performed, and all animals were found to be tolerant of the kidneys (Sundt et al. 1988; Guzzetta et al. 1991) .
T-cell depletion in these early experiments was achieved by treating the donor inoculum in vitro with available anti-CD4 and anti-CD8 monoclonal antibodies (Lunney and Pescovitz 1987; Pescovitz et al. 1990 ) and lethally ablating the recipients. Achievement of mixed chimerism with a nonmyeloablative preparative regimen awaited the development of a T-celldepleting reagent effective in vivo, because most of the anti-pig T-cell monoclonal antibodies available were capable of depleting in vitro in the presence of rabbit complement, but were poorly depleting in vivo. For this purpose, a swine CD3 immunotoxin, pCD3-CRM9, was developed by conjugating an available anti-pig CD3 monoclonal (Pescovitz et al. 1998; Huang et al. 1999a ) with a mutant diphtheria toxin, developed by Neville et al. (1996) . This reagent was found to be very effective for depleting mature T cells from the peripheral blood, lymph nodes, and thymus of miniature swine (Huang et al. 1999b ). In addition, another source of hematopoietic stem cells was obtained through cytokine mobilization and apheresis, allowing collection of enormous numbers of peripheral blood stem cells (PBSC), which were capable of reconstituting ablated miniature swine just as effectively as bone marrow (Nash et al. 1999 ).
Huang et al. first reported the induction of stable mixed chimerism and donor-specific tolerance following either BM or PBSCs, using this CD3 immunotoxin for T-cell depletion in an SLA-matched combination (Huang et al. 1999b . Marrow was harvested from the long bones and/or vertebra following exsanguination of the donors, and 2 Â 10 8 cells/kg administered by intravenous injection (i.v.) PBSC were collected following daily mobilization with recombinant porcine stem cell factor ( pSCF) and IL-3 ( pIL-3), with or without recombinant human G-CSF (rhuG-CSF; Amgen), and 20 Â 10 8 cells/kg were administered. Irradiation consisted of two sequential daily doses of 150 cGy midline TBI and 700 cGy thymic irradiation on d 22. T-cell depletion was achieved by administering pCD3-CRM9 i.v. on d 22, and immunosuppression consisted of oral cyclosporine from d 21 to d 30. Excellent T-cell depletion was achieved by this regimen, with Tcell counts falling to ,0.2% of their pretransplant values,~30-fold to 150-fold greater de- 
Tolerance through Mixed Chimerism
Cite this article as Cold Spring Harb Perspect Med 2014;4:a015529 pletion than the same preparative regimen without immunotoxin. Five of the six animals treated in this study developed stable mixed-lineage hematopoietic chimerism as well as thymic chimerism, and four of these animals that were subsequently tested with skin grafts showed markedly prolonged survival of donor versus third-party skin .
In subsequent studies, Fuchimoto et al. (2000) showed that a similar preparative regimen could also achieve stable mixed chimerism across a one-haplotype full SLA mismatch, and that by using a much larger dose of PBSC (100 Â 108 cells/kg), the requirement for TBI could be avoided. The resulting animals showed evidence for specific unresponsiveness to donor by MLR and CML reactions in vitro and by specific prolongation of donor skin graft survival in vivo. In addition, four of these animals subsequently received kidney allografts SLAmatched to the donors without immunosuppression. Three of these animals accepted these renal allografts long term. The fourth animal rejected its allograft but remained unresponsive in vitro to the donor SLA. A second donormatched kidney was therefore placed and survived for .100 d, suggesting that rejection of the first SLA-matched kidney might have been due to minor antigen disparities. All of these animals maintained peripheral mixed chimerism long term and showed chimerism of dendritic cells in the thymus by immunohistochemistry.
Because of an increased incidence of hostderived PTLD using this protocol, it was subsequently decided to add a low dose (100 cGy) of TBI back into the preparative regimen . It was also shown that, unlike the mouse (Sharabi and Sachs 1989 ) and the monkey (Kawai et al. 1995) , in both of which thymic irradiation (TI) has been shown to be essential for the induction of long-term, stable mixed chimerism, TI could be omitted in the swine model and mixed chimerism could still be achieved, albeit at a lower level . The reason for this discrepancy may be related to the fact that antibody depletion of T cells is ineffective in the thymus when this depletion is dependent on the usual antibody-dependent mechanisms, including complementmediated killing and antibody-dependent cellmediated cytotoxicity (ADCC). However, in the swine model, depletion using the CD3 immunotoxin would not be expected to depend on anything other than the toxin itself. Therefore, depletion of mature T cells in the thymus may be sufficient using this protocol, even without TI.
By examining many of the parameters of chimerism detectable in the miniature-swine large-animal model, Horner et al. (2006) have attempted to determine which parameters are most indicative of induction of transplantation tolerance by this chimerism. The presence of donor cells in bone marrow, thymus, and various lineages of peripheral blood were examined in a series of 22 HCTrecipients that also received subsequent donor renal allografts without immunosuppression. Bone marrow was assayed for the presence of donor colony-forming units (CFUs) by PCR, thymus by both fluorescenceactivated cell sorting (FACS) analysis on thymic cell suspensions and by Southern blots, and peripheral blood by FACS and by in vitro responsiveness to donor MHC. These comparisons showed that engraftment, as indicated by the presence of donor-derived CFU in the bone marrow and detectable thymic chimerism, was the most reliable predictor of subsequent acceptance of a donor-matched renal allograft, whereas peripheral blood chimerism and in vitro assays of responsiveness were less-accurate predictors, although they were also highly correlated with tolerance (Horner et al. 2006) .
STUDIES IN NONHUMAN PRIMATES
There are significant biological differences between rodents and large animals that are attributable to both genetic and developmental differences. The discrepancy in the ease of tolerance induction between rodents and primates may involve, for example, differential expression of MHC antigens, especially class II (Pescovitz et al. 1984a,b) , as well as differences in levels of heterologous memory T cells depending on whether or not recipients are housed in environmentally controlled conditions (Adams et al. 2003a; Wu et al. 2004; Nadazdin et al. 2010) . Elucidating these biological differences between species has proved pivotal to the successful extension of basic observations in mice to large animals and humans.
With regard to the induction of mixed chimerism with a nonmyeloablative regimen, earlier murine studies (see above) have shown that stable mixed chimerism and skin allograft tolerance can be consistently achieved across full MHC barriers with a nonmyeloablative conditioning regimen that consisted of low-dose total body irradiation (TBI, 3 Gy), thymic irradiation (7 Gy), and anti-T-cell antibody (Sharabi and Sachs 1989; Sykes and Sachs 2001) . The recipient's mature T cells had to be severely depleted so that newly maturing T cells would be clonally deleted as they repopulated the Tcell repertoire. However, similar nonmyeloablative conditioning regimens failed to induce stable mixed chimerism in nonhuman primates (NHPs), likely because of the inability to completely deplete mature T cells. By adding splenectomy and a 1-mo course of cyclosporine to the conditioning regimen, mixed chimerism was found inducible, but only transiently (Kawai et al. 1995; Kimikawa et al. 1997) . In subsequent experiments, mixed chimerism was significantly improved by adding CD154 blockade in place of splenectomy, but it still failed to induce stable mixed chimerism (Kawai et al. 2004) . Kean and colleagues have also reported difficulty inducing stable chimerism in NHPs with a nonmyeloablative conditioning regimen. In their study, NHP recipients were treated with a busulfan-based conditioning regimen with CD40/CD40L and CD28/B7 blockade but failed to achieve stable mixed chimerism even in MHC-matched pairs (Pescovitz et al. 1984b; Larsen et al. 2010) . This difference in chimerism induction between rodents and NHPs is presumably due to the presence of abundant memory T cells (Tmem) in NHP, which are not present in laboratory mice (Adams et al. 2003a,b) . These Tmem are resistant to costimulatory blockade (Valujskikh et al. 2002) and to conventional anti-T-cell antibody treatment (Yamada et al. 2012) , which may result in failure to achieve stable mixed chimerism.
Despite an inability to induce stable mixed chimerism in NHPs, we found that renal allograft tolerance was inducible across full MHC barriers even with transient mixed chimerism, as long as the kidneys were transplanted before the loss of peripheral chimerism (Kawai et al. 1995 (Kawai et al. , 1999 (Kawai et al. , 2004 Kimikawa et al. 1997) . Continued survival of the renal allografts after the loss of chimerism suggested that peripheral mechanisms were also operative in tolerant recipients. As detailed below, the renal allograft itself has been shown to play a critical role in the maintenance of tolerance (Seidl et al. 1992) .
For induction of renal allograft tolerance, splenectomy was initially thought to be a prerequisite in our conditioning regimen, because recipients consistently developed acute humoral rejection without splenectomy (Kawai et al. 1999 (Kawai et al. , 2004 . Because the spleen is the largest single site of lymphoid tissue where close collaboration between antigen-driven Tand B cells occurs (Davis and Bjorkman 1990) , splenectomy prevents such T/B-cell collaboration, especially when T-cell depletion by antibody treatment is not sufficient. Because of the pivotal role of the CD154 (i.e., the CD40 L-CD40) pathway in T-and B-cell responses, it was hypothesized that agents reacting with those molecules might also be able to prevent humoral rejection. By adding a short course of CD154 blockade in place of splenectomy, eight of eight recipients developed improved chimerism, and most recipients survived long term (Kawai et al. 2004 ). Unfortunately, anti-CD154 mAb is not likely to be available clinically because of its thrombogenic side effects (Kawai et al. 2000) ; therefore, applications of other costimulatory blockades, such as CTLA-4Ig, are also under current investigation for this purpose.
The conditioning regimen originally used in our laboratories for tolerance induction in NHP required treatment of recipients beginning 6 d before organ transplantation, which would limit the applicability of this procedure to only living donor allograft recipients. Therefore, we have recently developed a "delayed tolerance" protocol, in which kidney transplantation is performed first, with conventional immunosuppressive therapy, followed by con-
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Cite this article as Cold Spring Harb Perspect Med 2014;4:a015529 ditioning and donor bone marrow transplantation (DBMT) at a subsequent time. With this approach, any stable recipient of either living or deceased donor kidney transplantation (KTx) could be a potential candidate, if either fresh (living donor) or cryopreserved (deceased donor) donor bone marrow (DBM) cells were available. In the delayed tolerance protocol, however, induction of mixed chimerism was found to be more difficult, likely because the prior transplanted kidney allograft may have sensitized the recipients before DBMT. We speculated that the faster homeostatic recovery of CD8 þ Tmem observed in the recipients of the delayed protocol in comparison to the standard protocol may have prevented induction of mixed chimerism. Following the addition of a humanized anti-CD8 mAb, cM-T807 (Schmitz et al. 1999 ) to the treatment regimen, recipients consistently developed mixed chimerism and achieved renal allograft tolerance (Koyama et al. 2007; Yamada et al. 2012 ). The timing of DBMT was also found to be critical. Recipients acquired allograft tolerance when DBMT was performed at 4 mo but consistently failed when DBMT was performed at 1 mo after kidney transplantation. Significantly higher inflammatory cytokine levels were detected at 1 mo than at 4 mo, suggesting that higher inflammatory responses caused by DBMT conditioning prevented tolerance induction (Yamada et al. 2012) .
Studies attempting to extend the mixed chimerism approach to organ allografts other than kidneys (heart, lung, and islet) in cynomolgus monkeys have also been performed in this laboratory. In a heterotopic cardiac allograft model, three of five recipients developed multilineage chimerism, with allograft survivals in these recipients prolonged to 138, 428, and 509 d. Although in vitro assays showed donor-specific hyporesponsiveness, long-term heart allograft recipients eventually developed humoral and cellular immunity against the donor and rejected the grafts, indicating failure to induce full tolerance (Kawai et al. 2002) .
Encouraged by our studies in MHC inbred miniature swine (Mezrich et al. 2004) , we subsequently tested the effects of heart and kidney cotransplantation in NHP recipients using our mixed chimerism approach. We found that the presence of a kidney allograft consistently conferred stable and long-term tolerance to recipients of cotransplanted heart grafts from the same donors, even with transient chimerism (Tonsho 2012). Critical involvement of the kidney allograft in the maintenance of tolerance was shown by the fact that when the donor kidneys were removed, the heart allografts were rejected soon thereafter. Similar to the heart allograft, islet allograft tolerance was not achieved by induction of transient mixed chimerism. However, an islet allograft was accepted without immunosuppression when islets from the original BM and kidney donor were transplanted under the renal capsule of the allograft recipient that had previously been rendered tolerant by DBMT (Kawai et al. 2001 ). These results suggest that the presence of the renal allograft is a prerequisite for the maintenance of tolerance of cotransplanted tissues and organs after the loss of mixed chimerism. Our ultimate goal is to incorporate this yet-to-be-defined "kidney factor" into a novel and clinically relevant tolerance protocol that could induce unresponsiveness to other organ allografts without the requirement for a kidney transplant.
CLINICAL TOLERANCE INDUCTION THROUGH MIXED CHIMERISM
Although numerous tolerance induction strategies have been reported in rodent models and several have been reported in large animals, clinical renal allograft tolerance has been achieved to date only by induction of mixed or full hematopoietic chimerism. We review here three clinical studies in which such tolerance has been reported.
The Stanford group has developed a total lymphoid irradiation (TLI) -based conditioning regimen to induce renal allograft tolerance with either mixed or full chimerism in HLAidentical kidney transplantation (Millan 2005; Scandling et al. 2008 Scandling et al. , 2012 . This protocol was based on decades of research in rodents, large animals, and clinical studies, attempting to improve the outcomes of HCT for the treatment of hematologic malignancies (Slavin et al. 1979; Strober et al. 1989; Millan et al. 2002; Lowsky et al. 2005; Kohrt et al. 2009 ). Fifteen of 16 patients receiving the Stanford regimen developed persistent mixed chimerism, and eight patients with chimerism lasting .6 mo were reported to have been completely withdrawn from immunosuppressive medications, with the longest allograft survival exceeding 3 yr. Four patients continued to receive immunosuppressive drugs because of recurrence of focal segmental glomerulosclerosis in one and rejection episodes during the tapering of cyclosporine in the others. The Stanford group also attempted induction of renal allograft tolerance with a similar regimen in HLA-mismatched kidney transplantation (Millan et al. 2002) . However, all recipients failed to achieve tolerance, and it was concluded that this protocol, in its current form, did not induce allograft tolerance in HLA-mismatched recipients.
At Massachusetts General Hospital (MGH), a total of seven patients with renal failure secondary to refractory multiple myeloma have received HLA-identical combined kidney and bone marrow transplantation (CKBMT). The first six of these patients were treated on a study funded by the NIAID's Immune Tolerance Network (ITN). These patients received cyclophosphamide (CYP)-based nonmyeloablative conditioning that was based on a mouse model for separating GVHD and GVL (see above). The mouse protocol involved CYP and recipient Tcell depletion plus thymic irradiation in a nonmyeloablative regimen for induction of mixed chimerism, which was followed by delayed DLI (Pelot et al. 1999; Mapara et al. 2002 Mapara et al. , 2003 . Clinical trials in patients with hematologic malignancies showed sufficient safety and anti-tumor efficacy to allow use of the same protocol for renal allograft tolerance induction in multiple myeloma patients with HLA-identical donors (Spitzer et al. 1999 Buhler et al. 2002; Fudaba et al. 2006) . Either transient or durable (mixed or full) chimerism was achieved, and five of seven patients remain alive at the time of this writing. Remission of the myeloma was observed even in some patients with transient chimerism, suggesting a GVL effect despite loss of chimerism, as was subsequently shown in a mouse model (see above) (Rubio et al. 2003 (Rubio et al. , 2005 Saito et al. 2006 ). Immunosuppression was successfully withdrawn in all three recipients who had transient chimerism and in one recipient with stable mixed chimerism, with the longest kidney allograft survival now exceeding 14 yr. One patient with transient chimerism subsequently received a second stem cell transplantation from the same donor because of progressive myeloma. She developed stable full chimerism, and, like all other patients with full donor chimerism, she remained thereafter on immunosuppression for GVHD prophylaxis. These observations show that CKBMT with a nonmyeloablative regimen from an HLAmatched donor can be an excellent option for renal failure secondary to myeloma, where no effective treatment option has previously been available.
Shortly after it became clear that renal allograft tolerance could be achieved by this mixed chimerism approach in an HLA-matched setting, a study to extend this approach to HLAmismatched renal transplantation was begun at MGH, also sponsored by the ITN (Kawai et al. 2008) . Ten patients received HLA-mismatched CKBMT after conditioning with CYP-based nonmyeloablative conditioning regimens. After acute humoral rejection was observed in patient 3, the original regimen (NKD03) was modified by adding two doses of pretransplant rituximab (modified NKD03 regimen). Patients 6 to 10 received a further modified conditioning regimen, with four peritransplant doses of rituximab (ITN036). All 10 subjects developed transient chimerism, which became undetectable by Day 21, and no GVHD occurred, meeting a critical safety criterion in patients who had no malignant disease. Immunosuppression was successfully discontinued 8 -14 mo posttransplant in seven of 10 patients. Patient 1 has remained well, without rejection for .10 yr. Patient 2 has also remained rejection free for .9 yr, although mycophenolate mofetil (MMF) was added after 7 yr for recurrence of membranoproliferative glomerulonephritis (MPGN), his original disease. Kidney allograft function has remained stable for .7 yr in patient 4, al-though MMF was instituted at 5 yr because of a histological diagnosis of chronic humoral rejection. Patient 5 remained rejection free for 6 yr despite the development of low levels of DSA after discontinuing immunosuppression (IS). His most recent protocol biopsy at 6.8 yr, however, shows minor transplant glomerulopathy (C4d negative), which could indicate the incipient onset of chronic rejection. ITN036-treated patients 6, 7, and 9 successfully discontinued IS and remain stable, without evidence of rejection or DSA for periods of 3 -4 yr. Patient 8 returned to dialysis after losing kidney function at 6 mo posttransplantation because of thrombotic microangiopathy. ISwas reinstituted in patient 10 when cellular rejection was diagnosed 2 mo after IS withdrawal. His renal function became compromised and he eventually underwent a second kidney transplantation at 3 yr. In contrast to the development of DSA observed in recipients of the modified NKD03 regimen, no DSA has been detected in recipients of the ITN036 regimen, which suggests that prolonged depletion of CD20 þ B cells adequately controls DSA. "Engraftment syndrome," which causes transient renal dysfunction (Spitzer 2001) , was observed in nine of these 10 patients and remains a problem to be solved. Several protocol modifications are planned to overcome this complication, which has not been observed in nonhuman primates treated with a similar protocol (Kawai et al. 1995 (Kawai et al. , 2004 . Possible mechanisms of this phenomenon are discussed below.
A third clinical approach has recently been reported by Leventhal et al. (2012) at Northwestern University. These investigators used a conditioning strategy consisting of total body irradiation (200 Gy), fludarabine, and highdose cyclophosphamide, both pre-and post-BMT, together with administration of donor hematopoietic stem cells for treatment of eight HLA-mismatched kidney transplant recipients. The conditioning regimen was more intensive than that used in the MGH protocol, and full donor chimerism was achieved in several of these patients, reportedly without GVHD. These results suggest either that the preparative regimen was myeloablative or that donor T cells in the graft destroyed recipient hematopoiesis via a GVH reaction. Although their protocol has not been fully disclosed, they claim that the administration of novel "tolerogenic CD8 þ /TCR-facilitating cells (FC)" (Williams 1988; Kaufman et al. 1994 ) prevented rejection. The criterion for weaning of all maintenance immunosuppression was stated as persistent donor chimerism without GVHD for 1 yr. This criterion has apparently been reached in eight of 15 patients in a follow-up study (Leventhal et al. 2013) . The highly myelosuppressive nature of the conditioning and/or the potential GVHR associated with the transplant is highlighted by the prolonged neutropenia and thrombocytopenia in these patients, which necessitated support with G-CSF and platelet transfusions (Leventhal et al. 2013) .
These results contrast markedly with those reported in patients with hematologic malignancies who received HCT from less extensively mismatched (haploidentical related) donors with a similar regimen and in whom a 34% incidence of acute GVHD as well as significant chronic GVHD was reported (Luznik et al. 2008; Kasamon et al. 2010) . Thus, the Northwestern results, if validated with longer followup and in larger numbers of patients, are unexpected and remarkable. However, significant morbidity due to putative infections occurred in the study (Leventhal et al. 2012) , and there are reasons to be concerned that these patients may not regain normal immune incompetence (Strober et al. 2011; Kean and Blazar 2012; . In this regard, it is noteworthy that the patients in the HLA-mismatched HCT trials at MGH have not suffered from any significant opportunistic infections.
MECHANISTIC STUDIES
As is discussed above, the durable chimerism achieved in mouse models involving depletion or tolerization with specific deletion of preexisting donor-reactive T cells, ultimately involves central deletion as a major mechanism maintaining long-term tolerance to the donor. In these cases, the tolerance achieved is long-lasting and independent of the presence of other donor organs or tissues. On the other hand, in both the NHP models and the clinical studies described above, chimerism has generally been transient. Transient chimerism achieved in the face of only partial depletion of the preexisting T-cell repertoire is unlikely to result in the pure central, deletional form of tolerance achieved in the murine models. As is discussed below, the kidney also seems to play an important role in the achievement of lasting tolerance in primates and humans.
There are several surprising aspects of the clinical outcomes in the myeloma patients that raise important mechanistic questions. Myeloma outcomes were very good overall, and several of the patients achieved prolonged, complete remissions of their myelomas despite achieving only transient chimerism (Fudaba et al. 2006; Spitzer et al. 2011) . This, and observations in other patients achieving lymphoma remissions despite transient chimerism with similar regimens (Dey et al. 2005) , raised the possibility that initial marrow engraftment followed by rejection, which was evidenced by sensitized anti-donor T-cell responses in some patients (Fudaba et al. 2006) , could lead to antitumor responses. Studies in an animal model confirmed this hypothesis (Rubio et al. 2003 (Rubio et al. , 2005 Saito et al. 2006) . The other surprising aspect in these patients was the long-term acceptance of donor kidneys after disappearance of chimerism. In at least some patients, this loss of chimerism was clearly due to rejection, because sensitization to minor histocompatibility antigens (HAs) expressed on hematopoietic cells was evident in vitro (Fudaba et al. 2006) . Thus, renal allograft tolerance might be specific for kidney and include a role for the kidney graft itself. Indeed, T cells from these patients were unresponsive to donor renal tubular epithelial cells (Fudaba et al. 2006) , suggesting that tolerance is specific for minor antigens expressed on the kidney graft itself.
Even more evanescent (lasting only a few weeks) chimerism was also observed in all of the recipients (who did not have a malignant disease) of HLA-mismatched CKBMT with the anti-CD2-based regimen (Kawai et al. 2008; Locascio et al. 2010) . Loss of chimerism was associated with robust recipient hematopoiesis, showing that the regimen was truly nonmyeloablative. Because the donors were HLA mismatched, most of these patients had clearly measurable anti-donor alloresponses in vitro before transplant. Remarkably, despite the loss of chimerism, all four of the tolerant patients in the first study showed the progressive development of complete donor-specific unresponsiveness in both mixed lymphocyte response (MLR) and cell-mediated lympholysis (CML) assays. In vitro unresponsiveness to cultured donor renal tubular epithelial cells also developed. Normal anti-third-party alloresponses recovered in all four patients (Kawai et al. 2008; Andreola et al. 2011) , suggesting that the state of donor-specific tolerance was systemic. Limiting dilution analyses (LDAs) showed a long-term absence of donor-reactive IL-2-producing cells or CTL precursors, suggesting that eventual tolerance was deletional (Andreola et al. 2011) . There is an apparent contradiction between these observations and those in recipients of HLA-identical combined kidney and bone marrow transplants, who sometimes showed sensitization to donor hematopoietic antigens in association with loss of chimerism (Fudaba et al. 2006) . Although it might be thought that this indicates that the mechanisms of tolerance differ in the HLAidentical versus the mismatched setting, a more unifying hypothesis is that in both groups, tolerance is restricted to antigens expressed by the kidney. In the HLA-mismatched transplant setting, most of the many different donor HLA/ peptide complexes eliciting strong pretransplant immune responses are likely expressed both on hematopoietic cells and the kidney. Thus, tolerance of the donor kidney would extend to hematopoietic cells, as observed in MLR and CML assays. In the HLA-identical CKBMT recipients, in contrast, complete tolerance to the small number of minor HAs expressed by the kidney could still leave a significant pool of T cells recognizing minor HAs expressed only on hematopoietic cells, resulting in rejection of the marrow and sensitized in vitro responses to donor alloantigens, as observed (Kraus et al. 2003; Fudaba et al. 2006) , whereas the kidney graft is accepted. This "unifying" explanation implies tolerance to alloantigens of the kidney in both the HLA-identical and HLA-mismatched CKBMT groups. In the HLA-mismatched setting, the donor-specific unresponsiveness seen in vitro in CKBMT recipients contrasted strikingly with results in patients with hematological malignancies who received a similar haploidentical BMT regimen without a kidney transplant. The latter group tended to have stronger anti-donor than anti-third-party responses following the loss of chimerism (Shaffer et al. 2007) , suggesting that the kidney played an active role in the systemic (as evidenced by the MLR, CML, and LDA results) tolerance achieved in the CKBMT recipients.
Indeed, the transient chimerism achieved in the HLA-mismatched CKBMTrecipients makes it difficult to imagine that the long-term tolerance achieved is due to a pure central deletional mechanism. These observations have led us to consider alternative hypotheses. Intragraft levels of the Treg-associated transcription factor FoxP3 relative to Granzyme B mRNA were increased in tolerant patients compared with conventional transplant patients, raising the possibility that regulatory T cells might play a role in tolerance (Kawai et al. 2008) . Tregs are enriched among the peripheral blood T cells initially present in recipients of this regimen for BMT alone (Shaffer et al. 2007 ) and in the CKBMT recipients (Fudaba et al. 2006; Andreola et al. 2011) . Depletion of Tregs revealed anti-donor responses that were not apparent in unfractionated PBMCs in the first year posttransplant in some, but not all of the patients (Andreola et al. 2011) . Although the inconsistency of this observation is unsatisfying, the uniform inability to reveal anti-donor responses with Treg-depleted PBMCs .1 yr posttransplant is consistent with a long-term deletional process induced by the "quiescent" kidney graft itself. Alternatively, the relevant Tregs (and possibly donor-reactive effector T cells) may all reside in the graft. We are currently addressing this possibility by expanding T cells from protocol biopsies from the tolerant CKBMT patients, and preliminary phenotypical data suggest the presence of both Tregs and effector T cells in the lines we have cultured (B Sprangers, T Morokata, and M Sykes, unpubl.). Studies are in progress to identify the function and specificity of these T cells.
In the second cohort of CKBMT patients, we have performed more detailed phenotypical and kinetic studies on the Tregs that are enriched in the CD4 þ PBMC early posttransplant and on the conventional T cells. Preliminary studies suggest that the early Treg enrichment may reflect a combination of lymphopeniadriven expansion and a possible early wave of thymic Treg emigration (B Sprangers, T Morokata, and M Sykes, unpubl.). Because peripheral APCs recirculate to the thymus and promote tolerance there by both deletional and Tregmediated mechanisms (Donskoy and Goldschneider 2003; Bonasio et al. 2006; Proietto et al. 2008; Hadeiba et al. 2012) , it is possible that this early wave of Treg emigration contributes to the tolerance observed.
Several patients in the first, but not the second, cohort of HLA-mismatched CKBMT patients developed alloantibodies to their donors. In light of the donor-specific unresponsiveness detected in vitro, the development of DSA may reflect dysregulated, T-cell-independent B-cell activation as suggested (Porcheray et al. 2009 ), or, alternatively, may reflect failure to tolerize the indirect T-cell alloresponse. Because the assays discussed above measure predominantly direct alloresponses, studies are in progress to specifically assess anti-donor indirect alloresponses in these patients.
There is less mechanistic data available for tolerance induced by durable chimerism. As mentioned above, a TLI/ATG-based HCT protocol, also supported by safety data obtained in patients with hematological malignancies (Lowsky et al. 2005) , has recently been used to achieve renal allograft tolerance in eight patients receiving HLA-identical related donor combined hematopoietic and kidney transplantation (Scandling et al. 2008 (Scandling et al. , 2012 . The mechanisms of tolerance in these patients may involve Th2 cytokines secreted by NKT cells, which, along with Tregs, are enriched in these patients. In contrast to patients with transient chimerism, these chimeric recipients do not show sensitization and actually show reduced in vitro responses to donor minor HAs (Scandling et al. 2012) . Unfortunately, a similar protocol was unsuccessful in the HLA-mismatched setting (Millan et al. 2002; Strober et al. 2004) .
CONCLUSIONS
It has become clear over the past two decades that the usual definition of immunological tolerance as "the specific absence of immune response to an antigen in the absence of immunosuppression" requires modification in the field of transplantation, where it is now clear that tolerance can also result from the presence of a down-regulatory immune response to a transplantation antigen. We can therefore more comprehensively define transplantation tolerance as "the specific absence of a destructive immune response to a transplanted tissue or organ in the absence of immunosuppression." This definition incorporates both central, deletional tolerance mechanisms and peripheral, downregulatory tolerance mechanisms. Interestingly, both sets of mechanisms appear to be relevant to the induction of tolerance through mixed chimerism, as summarized in this review.
We have attempted here to provide a brief overview of the current status of tolerance induction through mixed chimerism in smalland large-animal models as well as in the clinic. Although it is clear that this modality has been successful in inducing tolerance in both small and large animals, it is also clear that both the methodology for induction of chimerism and the mechanism by which tolerance is induced have been different in different species. Probably the most important element required for achieving mixed chimerism through the induction of purely central, deletional tolerance is complete depletion of mature, donor-reactive T cells as a consequence of the preparative regimen. Thus, even in mice, where antibody reagents capable of depleting all mature T cells peripherally are available, the addition of thymic irradiation was required to achieve longlasting, deletional tolerance (Sharabi and Sachs 1989) , because mechanisms for antibody-mediated depletion appear not to be effective in the thymus (Nikolic et al. 2001) . Consistent with this hypothesis are the data in miniature swine, in which durable mixed chimerism was possible without thymic irradiation only when an immunotoxin was used for T-cell depletion, presumably allowing depletion of thymic T cells directly by the toxin rather than by the usual antibody-mediated mechanisms (Huang et al. 1999b . Models for achieving durable mixed chimerism without complete depletion of mature, donor-reactive T cells have generally relied on the addition of costimulatory blockade to the preparative regimen. Costimulatory blockade with BMT promotes anergy followed by deletion of pre-existing donor-reactive Tcells, both in the periphery (Kurtz et al. 2004; Fehr et al. 2005 ) and the thymus (J Kurtz and M Sykes, unpubl.) .
In the primate models we have discussed, complete depletion of mature T cells has not been achieved, and mixed chimerism has been transient . Nevertheless, tolerance has been established, undoubtedly through the generation of regulatory T cells capable of down-regulating the alloaggressive response that might otherwise have resulted from activation of the residual T cells. To achieve tolerance of a donor kidney, it had to be transplanted while mixed chimerism was still detectable in the recipient animal, and continued presence of the donor kidney was found to be essential to maintenance of the Treg and to maintenance of tolerance. With the possible exception of recent studies from Northwestern (Leventhal et al. 2012) , in which durable full chimerism across HLA barriers was reported, induction of tolerance of mismatched organ allografts in the clinic has, as in NHP models, involved transient mixed chimerism.
Because the ultimate goal of using mixed chimerism for tolerance induction is longterm survival of organ allografts without the need for chronic immunosuppression, it is not clear whether attaining this goal through central versus peripheral mechanisms is as important practically as it may seem from a theoretical viewpoint. Indeed, although tolerance due to the absence of alloreactive T cells achieved centrally might appear to have an advantage in being more complete and less susceptible to dis-
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Cite this article as Cold Spring Harb Perspect Med 2014;4:a015529 ruption by inflammatory stimuli, it could have disadvantages over peripheral tolerance because of the absence of mechanisms to down-regulate residual alloreactive T cells that, like T cells causing autoimmunity, may become activated and expand in the peripheral environment. In addition, Tregs are thought to be responsible for the phenomenon of linked suppression, which could permit down-regulation of responses to tissue-specific antigens present on cells of organ allografts but not on the hematopoietic stem cells used to produce mixed chimerism. In any case, it appears that mixed chimerism can be intimately associated with both forms of tolerance and that a combination of both may be the best way of achieving our long-term goals.
